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Factors based on optical coherence 
tomography correlated with vision 
impairment in diabetic patients
Hiroaki Endo1, Satoru Kase2*, Hikari Tanaka1, Mitsuo Takahashi1, Satoshi Katsuta1, 
Yasuo Suzuki1, Minako Fujii1, Susumu Ishida2 & Manabu Kase1

The aim of this study is to evaluate the relationship between retinal structures and visual acuity in 
diabetic patients using optical coherence tomography (OCT) and OCT angiography (OCTA). This study 
was a retrospective observational study conducted at a single medical center in Japan. Evaluation 
of retinal images was analyzed using spectral domain OCT. Twelve factors including central retinal 
thickness, length of disorganization of retinal inner layer (DRIL), number of inner hyperreflective foci, 
number of outer hyperreflective foci, height of intraretinal fluid, height of subretinal fluid, length 
of external limiting membrane disruption, length of external ellipsoid zone (EZ) disruption, vessel 
density of superficial capillary plexus (SCP), foveal avascular zone (FAZ) area, and FAZ circularity were 
analyzed based on OCT/OCTA findings. Multivariate analysis was used to investigate the OCT-based 
factors that could be correlated with poor visual acuity in treatment-naïve diabetic eyes. A total of 183 
eyes of 123 diabetic patients with type 2 diabetes (mean age 61.9 ± 12.3 years, 66 men and 57 women) 
and 62 eyes of 55 control subjects (mean age 64.4 ± 12.5 years, 15 men and 40 women) was enrolled in 
this study. Multiple regression analysis showed that OCT-based factors correlated with visual acuity 
were length of DRIL (β = 0.24, P < 0.01), length of EZ disruption (β = 0.35, P < 0.001), and FAZ circularity 
(β =  − 0.14, P < 0.05). The other factors showed no significant correlation. In conclusion, the length of 
DRIL, length of EZ disruption, and FAZ circularity measured by OCT were identified as related factors 
for visual impairment in treatment-naïve diabetic eyes.

The global prevalence of diabetes mellitus (DM) is estimated to have affected 415 million people in 2015, and is 
expected to involve 624 million by  20401. Diabetic retinopathy (DR) is the most common ocular complication, 
which is asymptomatic at an early stage, but progression of the disease leads to severe vision  loss2. DR is the 
leading cause of blindness in working-age adults worldwide and is estimated to affect one-third population with 
 diabetes3. Diagnosis of DR relies on the detection of microvascular lesions, which is divided into two stages based 
on their clinical findings: nonproliferative diabetic retinopathy (NPDR) and proliferative diabetic retinopathy 
(PDR)4. The main vision-threatening complication of DR is diabetic maculopathy, including diabetic macular 
edema (DME)5 and diabetic macular ischemia (DMI)6, and the presence of vitreous hemorrhage, traction retinal 
 detachment7 or chronic inflammation within the proliferative  membrane8 in PDR. Although treatment of DR 
remains challenging, timely interventions in eyes at a risk for DR progression have been mandatory for prevent-
ing visual  impairment9.

Optical coherence tomography (OCT) is a non-invasive and fast imaging modality that offers imaging of 
cross-sectional structures of the retina using low coherence interferometry and captures high-resolution two-
dimensional images from scattered light from different layers of the  retina10. This technique has contributed to 
the detection and monitoring of  DME11 and  DMI12. Several studies have shown that configurations of ellipsoid 
zone (EZ) are associated with visual function following treatments for  DME13–15. OCT angiography (OCTA) 
is an evolutional development of conventional OCT that detects movements of red blood cells and blood flow 
contrast, visualizing retinal and choroidal microvasculature without the need for dye  injection16.

In fact, repeated scans at the same location can detect the changes in OCT reflectance signals from the flow 
through the blood  vessels17. Recent studies analyzing the role of OCTA in DR have illustrated some quantitative 
OCTA metrics as linked to the severity of DR and  DME18. Among the quantitative metrics, vascular  density19, 
vascular diameter  index20, total length of  vessels21, vascular architecture and  branching22, and area of the foveal 
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avascular zone (FAZ)23 were reliable OCTA-based vascular factors. Thus, OCT and OCTA may help quantify 
various retinal pathologies such as neurodegeneration, retinal edema, and capillary dropout (reduced vessel 
density) in DR, thereby assessing their relevance to visual function. However, it has not been fully elucidated 
which related factors based on OCT(A) findings are well correlated with visual acuity in treatment-naïve DM 
patients. The purpose of this study is to evaluate the relationship between various retinal structures and visual 
acuity in DM patients at various stages of DR using OCT and OCTA.

Results
Clinical characteristics of control and diabetic patients. A total of 183 eyes of 123 diabetic patients 
with type 2 DM (mean age 61.9 ± 12.3 years, 66 men and 57 women) and 62 eyes of 55 control subjects (mean 
age 64.4 ± 12.5 years, 15 men and 40 women) satisfying the inclusion criteria was enrolled in this study. Table 1 
shows the clinical characteristics of the subject patients. The DM group (n = 183) was classified into three groups, 
no DR (NDR) (n = 92), NPDR (n = 67), and PDR (n = 24). There were no significant differences in age, intraocu-
lar pressure, axial length, duration of diabetes, estimated glomerular filtration rate (eGFR), frequency of hyper-
tension (HT) and dyslipidemia (DL) in the DR groups compared to the control group. In contrast, the more 
severe diabetic retinopathy had significantly lower visual acuity (P < 0.05) and higher hemoglobin A1c (HbA1c), 
systolic blood pressure (SBP) and diastolic blood pressure (DBP) (P < 0.05). The total cholesterol in the control 
group was significantly higher than that in the NDR group (P < 0.01).

Comparison between research groups on OCT-based factors. This study examined the differences 
in OCT-based factors between control eyes and all diabetic eyes classified according to DR stages (Table 2). 
Central retinal thickness (CRT), length of disorganization of the retinal inner layers (DRIL), number of hyper-
reflective foci (HF), height of intraretinal fluid (IRF), height of subretinal fluid (SRF), length of external limiting 
membrane (ELM) disruption, length of EZ disruption, vessel density (VD) of superficial capillary plexus (SCP), 
and FAZ area were significantly large (P < 0.05), and FAZ circularity was significantly small (P < 0.01) as the 
severity of disease increased.

Correlation between OCT-based factors and visual acuity in diabetic eyes. In this study, multi-
variate analysis (multiple regression analysis) was performed to evaluate the effects of various OCT-based factors 
on visual acuity in diabetic eyes (Table 3). Multivariate analysis showed that length of DRIL (β = 0.24, P < 0.01), 
length of EZ disruption (β = 0.35, P < 0.001) and FAZ circularity (β =  − 0.14, P < 0.05) were significant factors 
affecting visual acuity. There was no significant association between the other factors and visual acuity. As a 
result of multivariate analyses, this study further examined the correlation between each factor of OCT images 
related to visual acuity in diabetic eyes (Table 4). There was a significant positive correlation between length of 
DRIL and length of EZ disruption (r = 0.71, P < 0.01). FAZ circularity had a significant negative correlation with 
length of DRIL and length of EZ disruption (r =  − 0.33 and − 0.31, both P < 0.01).  

Discussion
In this study, we investigated the relationship between quantitative retinal structural abnormalities and visual 
acuity in patients with type 2 DM by applying OCT and OCTA, and found that length of DRIL, length of EZ 
disruption, and FAZ circularity were independent factors involving visual acuities.

Table 1.  Clinical characteristics in subjects examined in this study. DR, diabetic retinopathy; NDR, no DR; 
NPDR, no proliferative DR; PDR, proliferative DR; BCVA, best corrected visual acuity; logMAR, logarithm of 
the minimum angle of resolution; IOP, intraocular pressure; AL, axial length; HbA1c, hemoglobin A1c; HT, 
hypertension; SBP, systolic blood pressure; DBP; eGFR, estimated glomerular filtration rate; diastolic blood 
pressure; TC, total cholesterol. a P < 0.05 versus control. b P < 0.01 versus control. c P < 0.05 versus NDR. d P < 0.01 
versus NDR. e P < 0.05 versus NPDR.

Variable Control eyes (n = 62)

Stage of DR

NDR (n = 92) NPDR (n = 67) PDR (n = 24) P value

Age (years) 64.4 ± 12.5 62.2 ± 13.0 63.7 ± 9.3 55.2 ± 14.2 0.06

BCVA (logMAR) − 0.02 ± 0.12 − 0.02 ± 0.11 0.09 ± 0.23ad 0.31 ± 0.37bde  < 0.001

IOP (mmHg) 14.5 ± 2.8 15.5 ± 3.3 14.9 ± 2.7 14.5 ± 2.9 0.20

AL (mm) 23.70 ± 1.15 23.59 ± 0.91 23.66 ± 0.85 23.39 ± 1.32 0.86

Diabetes duration (years) – 10.9 ± 11.1 12.8 ± 9.2 12.2 ± 7.4 0.17

HbA1c (%) 5.6 ± 0.2 7.7 ± 2.2b 8.3 ± 2.2b 9.4 ± 2.3bd < 0.001

HT (%) 35.5 53.3 55.2 41.7 0.51

SBP (mmHg) 122 ± 12 130 ± 17a 144 ± 21bd 142 ± 31a < 0.001

DBP (mmHg) 71 ± 10 77 ± 12a 82 ± 8bc 83 ± 20a < 0.001

eGFR (ml/min/1.73 m2) 71 ± 12 77 ± 22 67 ± 28 79 ± 35 0.12

DL (%) 19.4 36.7 48.4 54.2 0.18

TC (mg/dl) 212 ± 35d 192 ± 36 208 ± 86 224 ± 76 < 0.01
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Table 2.  Comparison of OCT-based factors in control eyes and at different stages of diabetic retinopathy. 
OCT, optical coherence tomography; DR, diabetic retinopathy; NDR, no DR; NPDR, no proliferative DR; 
PDR, proliferative DR; CRT, central retinal thickness; ETDRS, Early Treatment of Diabetic Retinopathy Study; 
DRIL, disorganization of retinal inner layer; HF, hyperreflective foci; IRF, intraretinal fluid; SRF, subretinal 
fluid; ELM, external limiting membrane; EZ, ellipsoid zone; OCTA, OCT angiography; VD, vessel density; 
SCP, superficial capillary plexus; FAZ, foveal avascular zone. a , P < 0.05 versus control; b, P < 0.01 versus control, 
c, P < 0.05 versus NDR; d, P < 0.01 versus NDR; e, P < 0.05 versus NPDR; f, P < 0.01 versus NPDR.

Variable Control eyes (n = 62)

Stage of DR

NDR (n = 92) NPDR (n = 67) PDR (n = 24) P value

OCT B and C-scan metrics

CRT in central subfield by ETDRS grid (μm) 248 ± 17 255 ± 23 290 ± 73bd 351 ± 131bd < 0.001

Frequency of DRIL (%) 0.0 0.0 16.4 41.7 < 0.001

Length of DRIL (μm) 0.0 0.0 123 ± 309bd 330 ± 487bd < 0.001

Frequency of HF in total retinal layer (%) 11.3 26.1 56.7 75.0 < 0.001

Number of HF in total retinal layer (n) 0.2 ± 0.6 0.5 ± 1.4 2.4 ± 4.6bd 8.0 ± 10.3bde < 0.001

Frequency of HF in inner retinal layer (%) 11.3 22.8 55.2 70.8 < 0.001

Number of HF in inner retinal layer (n) 0.2 ± 0.6 0.4 ± 0.9 1.8 ± 3.0bd 4.8 ± 6.0bd < 0.001

Frequency of HF in outer retinal layer (%) 0.0 3.3 17.9 62.5 < 0.005

Number of HF in outer retinal layer (n) 0.0 0.0 ± 0.2 0.6 ± 1.8bd 3.2 ± 5.0bdf < 0.001

Frequency of IRF (%) 0.0 0.0 28.4 41.7 < 0.001

Height of IRF (μm) 0.0 0.0 47 ± 99bd 99 ± 157bd < 0.001

Frequency of SRF (%) 0.0 0.0 9.0 20.8 < 0.001

Height of SRF (μm) 0.0 0.0 6 ± 24c 29 ± 65bd < 0.001

Frequency of ELM disruption (%) 0.0 0.0 4.5 8.3 0.07

Length of ELM disruption (μm) 0.0 0.0 39 ± 206 97 ± 337c < 0.05

Frequency of EZ disruption (%) 0.0 0.0 10.4 54.2 < 0.01

Length of EZ disruption (μm) 0.0 0.0 80 ± 257ad 575 ± 602bdf < 0.001

OCTA metrics

VD of SCP in central subfield by ETDRS grid (%) 19.3 ± 6.2 21.0 ± 5.9 18.8 ± 6.7 24.8 ± 8.8ae  < 0.01

FAZ area  (mm2) 0.31 ± 0.09 0.28 ± 0.10 0.32 ± 0.13 0.38 ± 0.27 0.06

FAZ circularity 0.72 ± 0.08 0.71 ± 0.08 0.63 ± 0.11bd 0.58 ± 0.15bd  < 0.001

Table 3.  Multiple regression analysis of the correlation between OCT-based factors and visual acuity. OCT, 
optical coherence tomography; DM, diabetes mellitus, CRT, central retinal thickness; ETDRS, Early Treatment 
of Diabetic Retinopathy Study; DRIL, disorganization of retinal inner layer; HF, hyperreflective foci; IRF, 
intraretinal fluid; SRF, subretinal fluid; ELM, external limiting membrane; EZ, ellipsoid zone; OCTA, OCT 
angiography; VD, vessel density; SCP, superficial capillary plexus; FAZ, foveal avascular zone.

Variable

Unstandardized 
coefficients Standardized coefficients

Β Standard error β t P value

OCT B and C-scan metrics

CRT in central subfield by ETDRS grid 0.0002 0.0004 0.0679 0.4810 0.6311

Length of DRIL 0.0002 0.0001 0.2262 2.7867 < 0.01

Number of HF in inner retinal layer 0.0067 0.0065 0.0925 1.0247 0.3070

Number of HF in outer retinal layer  − 0.0075 0.0094  − 0.0753  − 0.7951 0.4277

Height of IRF 0.0002 0.0003 0.0736 0.6683 0.5048

Height of SRF 0.0002 0.0008 0.0271 0.2888 0.7731

Length of ELM disruption 0.0002 0.0001 0.1257 1.6305 0.1048

Length of EZ disruption 0.0002 0.0001 0.3131 3.9448  < 0.001

OCTA metrics

VD of SCP in central subfield by ETDRS grid  − 0.0036 0.0021  − 0.1061  − 1.6958 0.0917

FAZ area 0.1088 0.0930 0.0682 1.1696 0.2438

FAZ circularity  − 0.3258 0.1152  − 0.1575  − 2.8276  < 0.01
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Significance of OCT-based factors affecting visual acuity. DRIL. DRIL was characterized by uni-
dentifiable boundaries of the ganglion cell layer (GCL)—inner plexiform layer (IPL) complex, inner nuclear lay-
er (INL), and outer plexiform layer (OPL), correlated with worse visual acuity in DME, and the changes in DRIL 
predicted subsequent visual  outcome24,25. Ocular disorders caused by retinal vascular dysfunction are likely to 
complicate disruption of the blood-retinal barrier (BRB), followed by extracellular fluid accumulation in the 
intraretinal or subretinal  space26. Although the mechanism of DRIL formation is unknown, it is hypothesized 
that DM-induced microvascular damages inside the retina may represent structural deformation identified as 
DRIL based on OCT  images27. In addition, the PDR may form a fibrovascular membrane that creates traction 
on the macula. Therefore, multiple mechanisms associated with vascular abnormality and mechanical stress 
may be involved in DRIL formation. This can lead to deformation or breakage of the synaptic junction between 
photoreceptors and retinal ganglion cells. Furthermore, although a histological observation of DRIL has not 
been demonstrated, DRIL reflects damage of various cells such as Müller cells, bipolar cells, horizontal cells, and 
amacrine cells, and is believed to affect the visual outcome of diabetic  eyes25. Our results, showing the correlation 
with the length of DRIL and visual acuity, support the findings of previous reports, and the widespread presence 
of DRIL may contribute to visual dysfunction in treatment-naïve diabetic eyes.

EZ disruption. It is indisputable that the retinal photoreceptor layer can be accurately evaluated by examining 
the integrity of the EZ using OCT, which corresponds to the inner segment of photoreceptors, indicating that 
EZ integrity has been shown to be strongly correlated with visual  acuity28. Although the mechanism of photo-
receptor degeneration is not yet well defined, several processes may lead to photoreceptor damage. Destructed 
BRB associated with DM may induce extravasation of blood components and inflammatory cell infiltration, 
causing morphological abnormalities in the  macula29. Uji et al. reported that HF is considered a lipoprotein, a 
precursor of hard exudates, which was incorporated by photoreceptors or macrophages, leading to poor visual 
 acuity30. Murakami et al. suggested that incomplete EZ often exists under the cyst space, and that the cyst space 
of the outer plexiform layer may contribute to photoreceptor damage in  DME31. In our study, EZ disruption was 
found in 10.9% of all DM patients, 10.4% in NPDR and 54.2% in PDR, which occurred more frequently in the 
advanced stages of the disease. Our study also confirmed that the patients showing high frequency of EZ disrup-
tion had significantly poorer visual acuity.

FAZ circularity. DR is primarily a disease of the retinal vasculature, and OCTA provides valuable information 
about vascular conditions not available with structural OCT. FAZ is a specialized area of the retina contain-
ing the highest density of cone photoreceptors and high oxygen  consumption32. As the FAZ of the healthy eye 
usually exhibits a circular or elliptical shape, deviations from this shape are common in vascular  pathology33,34. 
Balaratnasingam and colleagues used OCTA to reveal that FAZ area correlates with visual acuity in patients with 
DR, and proposed FAZ as a biomarker of visual  function27. FAZ circularity is defined as the ratio of the FAZ 
boundary to the perimeter of a circle of equal  area33. Krawitz and colleagues found an association between the 
disrupted circularity and DR severity, but reported no correlation with visual  acuity35. On the other hand, Tang 
et al. demonstrated that FAZ area was not a sensitive marker that correlates with central vision, while decreased 
FAZ circularity is associated with impaired visual  function36. In our study, we showed a correlation between vis-
ual acuity and FAZ circularity, in which eyes with poor visual acuity had a more irregular shape of FAZ. Alipour 
et al. explained that studies using the digital curvelet transform revealed that the FAZ of DR deviated from the 
mildly wavy boundaries found in healthy controls, which became apparent in severely diseased  eyes37. Defects 
in the FAZ margin are mainly due to capillary loss and vascular remodeling. The FAZ circularity index allows 
quantification of disruption of the terminal capillaries in the fovea, which may be a more relevant measure of 
visual acuity. In addition, macular edema can result in decreased vascular elasticity due to mechanical stretching 
that results in blockage of blood  vessels38, and can also change FAZ  contours39. Therefore, assessing both the size 
and shape of FAZ is probably important for detecting pathological alteration of the macula in DR.

Changes in outer and inner retina. In summary, our study showed that the following 3 OCT-based 
factors could play important roles in impaired visual function in diabetic eyes: length of DRIL, EZ disruption, 
and FAZ circularity. In addition, these factors had a significant correlation with each other in treatment-naïve 
diabetic eyes. However, there is a lack of information on how these factors correlate with each other. This study 
further discusses three categories: (1) DRIL and FAZ circularity, (2) DRIL and EZ disruption, and (3) EZ disrup-
tion and FAZ circularity.

Table 4.  Correlation between length of DRIL, length of EZ disruption, and FAZ circularity in diabetic eyes. 
DRIL, disorganization of retinal inner layer; EZ, ellipsoid zone; FAZ, foveal avascular zone. **P < 0.01.

Variables (n = 183) 1. Length of DRIL 2. Length of EZ disruption 3. FAZ circularity

1. Length of DRIL – 0.71**  − 0.33**

2. Length of EZ disruption 0.71** –  − 0.31**

3. FAZ circularity  − 0.33**  − 0.31** –
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DRIL and FAZ circularity. Recent studies suggest that DM eye degeneration can be caused by two different 
states: vasculopathy and  neuropathy40. NDR and mild NPDR have demonstrated thinning of RNFL due to 
changes in  microcirculation41. The metabolic and oxidative stresses of diabetes lead to increased sensitivity of 
ganglion cells, leading to neuronal  loss42. After that, DRIL occurs with the severity of retinopathy, which may be 
negatively correlated with FAZ circularity in SPC. In fact, the frequency of DRIL and FAZ circularity found in 
this study was significantly high as DR severity increased. Taken together, the relationship between DRIL and 
FAZ circularity could be associated with both neurovascular damages during DR progression, although segmen-
tation errors in OCTA might exhibit.

DRIL and EZ disruption. The sub-analysis of this study showed correlation with DRIL and EZ disruption, sug-
gesting that the extent of DRIL may also be involved in the retinal outer layer in DR. It remains unknown how 
different cell types die during DR progression. DR is associated with loss of pericytes and endothelial cells in the 
retinal vasculature, leading to loss of the capillary and  BRB43. The deep capillary plexus (DCP) including the INL 
and the OPL are probably important for nutrition to photoreceptor synapses, as the retinal circulation is respon-
sible for approximately 15% of the oxygen supply to photoreceptor inner segments in the  darkness44. Therefore, 
photoreceptor cells in the presence of DRIL may be susceptible to ischemic insults in DCP. The presence of DRIL 
indicates an anatomical disruption of visual transduction pathways in the medial retina and may interfere with 
the transmission of visual information from photoreceptors to ganglion cells. The anatomical changes observed 
in this OCT may cause the association with DRIL and EZ disruption.

EZ disruption and FAZ circularity. It has also been shown that diabetes is associated with increased loss of 
retinal  neurons45. Retinal glial cells including astrocytes, Müller cells and microglia are involved in structural 
support and maintenance of homeostasis in the  retina46. Under hyperglycemic stress, microglia are activated, 
various cytokines are secreted, and astrocytes and Müller cells are involved with the amplification of the inflam-
matory response by the production of proinflammatory  cytokines47. Previous studies have reported that FAZ 
measurements of both SCP and DCP correlate with EZ and IZ disruption, and photoreceptor morphology and 
integrity are susceptible to macular  ischemia48. Long-term or more severe macular ischemia not only contributes 
to the onset of macular edema, but may also cause retinal atrophy due to photoreceptor damage.

It remains open to debate whether diabetic retinal neuropathy is the cause or effect of microangiopathy under 
chronic hyperglycemia. Barber proposed two hypotheses to explain the relationship between neurodegenerative 
and microangiopathy  changes49. First, loss of BRB integrity manifests itself as increased vascular permeability, 
leading to edema and neuronal loss due to uncontrolled extracellular fluid composition in the retina. Alterna-
tively, DM directly affects metabolism in the neural retina, increasing apoptosis of cells in the neural retina caus-
ing a breakdown of the BRB. Despite the close relationship between neurodegeneration and microangiopathy, 
the progression of DR is ultimately irreversible when untreated. To protect the eyesight of diabetic patients, it is 
necessary to find ways to prevent the gradual loss of neurons in the retina. Further studies are required to prove 
the validated association between OCT-based retinal structural abnormalities and visual function in diabetic eyes.

Limitations
We are aware of some limitations of this study. First, this report includes a retrospective design and a limited 
number of subjects. A larger sample size in prospective studies is important to reconfirm the results. Second, it 
was impossible to investigate the VD of the DCP, as the OCTA parameters automatically calculated in AngioPlex 
relate only to SCP. However, this technique produces projection artifacts in most cases, so SCP analysis is more 
accurate than DCP  one50. Third, if the capillary flow rate detected by the OCTA algorithm is below a threshold, 
the terminal capillaries may not be fully visible. Therefore, measurements of FAZ area and VD may be affected in 
selected cases. Fourth, demographics such as age, duration of diabetes, HbA1c levels, and hypertension were not 
used in the regression analysis. This needs to ensure a larger sample size and will reveal a correlation with vision 
loss. Fifth, the biomorphometry performed in this study utilized data from a single visit. Therefore, it is impos-
sible to use this result to judge the risk of disease progression or to predict response to treatment for DR. Further 
studies are needed on the natural history of DR and the correlation between post-treatment OCT-based factors 
and visual acuity. Sixth, we could not examine the degree of pathological alteration and visual impairment in the 
outer and inner retinas confirmed by OCT images. We need to secure more samples in the future to investigate 
how parafoveal signaling is related to the degree of visual impairment. Seventh, it was impossible to examine 
OCT-based variables that correlate with visual acuity in each severity grade of DR, since the subjects were lim-
ited to treatment-naïve eyes. Further case collection is required to perform multivariate analysis in each group.

Conclusions
The length of DRIL, length of EZ disruption, and FAZ circularity measured by OCT were identified as candidate 
factors for visual impairment in treatment-naïve diabetic eyes.
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Materials and methods
Patients. This study was a retrospective observational study of patients who visited Teine Keijinkai Hospi-
tal from May 2019 to July 2020. The research plan of this study in compliance with the principles of the Hel-
sinki Declaration was approved by Medical Ethics Committee in Teine Keijinkai Hospital (Registration number: 
2-020041-00). Written informed consent from each patient was waived because this is a retrospective obser-
vational study. Type 2 DM patients and non-DM controls in the Japanese population were included in this 
study. All type 2 DM patients have been confirmed by a diabetic specialist in Teine Keijinkai Hospital General 
Internal Medicine and Infectious Diseases Internal Medicine Department or a nearby physician. All subjects 
underwent a comprehensive ophthalmic examination including best-corrected visual acuity converted to loga-
rithm of the minimum angle of resolution (logMAR), Goldmann applanation tonometry, biomicroscopy of the 
anterior segment using a slit lamp examination, ophthalmoscopy of the posterior segment with dilated pupils, 
and axial length measured using optical biometry (IOL Master Zeiss; Jena, Germany) and SD-OCT (Cirrus 
HD-OCT, Carl Zeiss Meditec, Dublin, CA). Exclusion criteria were eyes with spherical power greater than -5 
diopters, cylindrical astigmatism with cylinder power greater than 3 diopters, ocular axial length being greater 
than 26 mm, cataracts or vitreous hemorrhages, other fundus diseases, and a history of other fundus diseases. 
Moreover, eyes with a history of previous topical treatments including retinal laser photocoagulation, local vas-
cular endothelial growth factor (VEGF), and/or triamcinolone acetonide injection, or ocular surgeries including 
vitrectomy or cataract surgery were excluded. Funduscopic examination including the periphery of the retina 
was performed with a pharmacologically dilated pupil, and the severity of retinopathy was classified into three 
major grades based on the International Clinical Diabetic Retinopathy and Diabetic Macula Edema Disease 
Severity  Scales4: no DR; mild/moderate/severe NPDR; and PDR. Systemic characteristics of diabetic patients 
were recorded: duration of diabetes, HbA1c, HT, SBP and DBP, eGFR, DL, and TC.

OCT and OCTA image acquisition. The AngioPlex OCTA software featured an OCT microangiography 
algorithm that incorporated differences in both phase and intensity information, and a FastTrac retinal track-
ing system to reduce motion  artifacts51. OCT imaging used three Scan acquisition options: Macular Cube Scan 
200 × 200, single horizontal HD 1 Line 100 × (100 × averaged), and Angiography Scan 6 × 6. They were obtained 
by an experienced technician and only scans with a signal strength of more than 7/10 (out of 10) were evaluated. 
To avoid fixation errors, all scans were focused on the fovea and the segmentation errors were corrected manu-
ally. Each measurement was independently evaluated by two masked investigators (H.E. and H.T.). When there 
was disagreement, the evaluation was discussed to reach a consensus.

OCT-based factors. The presence of several morphological features was evaluated from B-scan and C-scan 
images (Figs. 1 and 2); CRT, DRIL, HF, IRF, SRF, ELM, and EZ. Quantitative assessment of CRT was obtained 
from the central subfield of the Early Treatment Diabetic Retinopathy Study (ETDRS) grid with automated 
measurements (Fig. 1). Measurement of each lesion was measured manually using a caliper tool mounted on 
the instrument. DRIL was defined as a horizontal range where the boundaries of the GCL-IPL complex, INL, 
and OPL could not be identified (Fig. 2A,D). HF was counted manually in each scan (Fig. 2B,E). To exclude 
hard exudates and microaneurysms from the analysis, we defined them as having the following morphological 
features: (1) reflectivity similar to that of nerve fiber layer; (2) absence of back-shadowing; and (3) < 30 μm diam-

Figure 1.  Optical coherence tomography (OCT) C-scan image. The Early Treatment Diabetic Retinopathy 
Study (ETDRS) 9 grid in 6 × 6 mm scan. The central retinal thickness (CRT) in the central subfield is 
automatically calculated by the software. In this study, AngioPlex OCT angiography (software version 
11.0.0.20046, https ://ww.zeiss .com/medit ec/int/home.html) was used.

https://ww.zeiss.com/meditec/int/home.html
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eter. HF was divided into two groups based on their locations in the retinal layers: the inner retinal layer was 
defined as the layer between the inner limiting membrane (ILM) and the lower boundary of the outer plexiform 
layer, and the outer retinal layer was defined as the layer between the outer nuclear layer and the retinal pigment 
epithelium (RPE)/Bruch’s membrane boundaries. IRF was defined as the vertical extent of the hypo-reflection 
space observed in the outer nuclear layer, and when multiple IRF were present, the IRF closest to the center was 
selected (Fig. 2B,E). SRF was defined as the vertical distance in the largest hypo-reflective space between the 
sensory retina and the RPE inner edge (Fig. 2B,E). The extent of ELM and EZ destruction was defined as the 
horizontal extent of the obscured line (Fig. 2C,F). The extent of DRIL lesions, the number of HF, the presence of 
IRF and SRF, the extent of ELM and EZ disruption were evaluated in a 1500-μm wide region of the B-scan image 
centered on the fovea (Fig. 2).

OCTA parameters. OCTA images of the SCP were generated using an automated software algorithm 
(Fig. 3A,D). The upper boundary of the SCP slab is the ILM and the lower boundary is an approximation of the 
IPL inferred by the following Eq. (1):

where Z, T, and OPL indicate the boundary location, thickness, and outer plexiform layer, respectively. Several 
quantitative parameters were evaluated from OCTA images automatically generated from Angiography scan 
6 × 6 mm slabs according to previous reports: VD, FAZ area, FAZ  circularity52. VD was defined as the total area 
of perfused vasculature per unit area in the measurement area, determined by summing the number of pixels 
with flow signal and dividing the total number by the number of pixels in the study area. Quantitative assess-
ment of VD was obtained from the central (1 mm circle) of the ETDRS grid with automated measurements 
(Fig. 3B,E). FAZ area was defined as the area included within the FAZ boundary (Fig. 3C,F). FAZ circularity 
indicates how close the FAZ boundary is to a circle, with a range from 0 to 1, with a value of 1 meaning that FAZ 
is a complete circle.

Statistical analysis. All data were expressed as mean ± standard deviation. Categorical variables used Chi-
square test and Fisher’s exact test. Differences in various characteristics between DM patients and controls were 
compared using the Mann–Whitney U test. Comparison of clinical factors, OCT/OCTA-based factors between 
DM patients and controls used the Mann–Whitney U test. Comparison of clinical factors, OCT/OCTA-based 
factors at various DR stages used the Kruskal–Wallis and Steel–Dwass tests. Multivariate analysis was performed 
to identify factors significantly associated with visual acuity. Statistical analysis was performed using commer-
cially available statistical software SPSS version 21 (IBM Corporation, New York, USA). P values < 0.05 were 
considered to indicate statistical significance.

Data availability
The dataset generated and analyzed in this study are available from the corresponding author upon reasonable 
request.

(1)ZIPL = ZILM + 70%× TILM−OPL,

Figure 2.  Optical coherence tomography (OCT) B-scan images. (A,D) The representative image in which 
disorganization of retinal inner layer (DRIL) existed is shown. The dashed line shows the range where the 
ganglion cell layer (GCL)/inner plexiform layer (IPL)-inner nuclear layer (INL) and INL-outer plexiform layer 
(OPL) interface could be confirmed. (B,E) A representative image in which intraretinal fluid (IRF), subretinal 
fluid (SRF), and hyperreflective foci (HF) existed is shown. (C,F) A representative image in which external 
limiting membrane (ELM) and ellipsoid zone (EZ) disruption existed is shown. The dashed line shows the range 
where ELM and EZ could be confirmed. Measurement of each lesion was measured manually using a caliper 
tool mounted on the instrument. In this study, AngioPlex OCT angiography (software version 11.0.0.20046, 
https ://www.zeiss .com/medit ec/int/home.html) was used.

https://www.zeiss.com/meditec/int/home.html


8

Vol:.(1234567890)

Scientific Reports |         (2021) 11:3004  | https://doi.org/10.1038/s41598-021-82334-w

www.nature.com/scientificreports/

Received: 17 November 2020; Accepted: 15 January 2021

References
 1. Ogurtsova, K. et al. IDF diabetes Atlas: global estimates for the prevalence of diabetes for 2015 and 2040. Diabetes Res. Clin. Pract. 

128, 40–50. https ://doi.org/10.1016/j.diabr es.2017.03.024 (2017).
 2. Fong, D. S. et al. Diabetic retinopathy. Diabetes Care 26, S99-102. https ://doi.org/10.2337/diaca re.26.2007.S99 (2003).
 3. Yau, J. W. Y. et al. Global prevalence and major risk factors of diabetic retinopathy. Diabetes Care 35, 556–564. https ://doi.

org/10.2337/dc11-1909 (2012).
 4. Wilkinson, C. P. et al. Proposed international clinical diabetic retinopathy and diabetic macular edema disease severity scales. 

Ophthalmology 110, 1677–1682. https ://doi.org/10.1016/S0161 -6420(03)00475 -5 (2003).
 5. Kusuhara, S. et al. Pathophysiology of diabetic retinopathy: the old and the new. Diabetes Metab. J. 42, 364–376. https ://doi.

org/10.4093/dmj.2018.0182 (2018).
 6. Usman, M. An overview of our current understanding of diabetic macular ischemia (DMI). Cureus 10, E3064. https ://doi.

org/10.7759/CUREU S.3064 (2018).
 7. Nentwich, M. M. Diabetic retinopathy—ocular complications of diabetes mellitus. World J. Diabetes 6, 489. https ://doi.org/10.4239/

wjd.v6.i3.489 (2015).
 8. Kase, S. et al. Proliferative diabetic retinopathy with lymphocyte-rich epiretinal membrane associated with poor visual prognosis. 

Invest. Ophthalmol. Vis. Sci. 50, 5909–5912. https ://doi.org/10.1167/iovs.09-3767 (2009).
 9. Wang, W. & Lo, A. C. Y. Diabetic retinopathy: pathophysiology and treatments. Int. J. Mol. Sci. 19, 1816. https ://doi.org/10.3390/

ijms1 90618 16 (2018).
 10. Youngquist, R. C., Carr, S. & Davies, D. E. N. Optical coherence-domain reflectometry: a new optical evaluation technique. Opt. 

Lett. 12, 158. https ://doi.org/10.1364/ol.12.00015 8 (1987).
 11. Virgili, G. et al. Optical coherence tomography (OCT) for detection of macular oedema in patients with diabetic retinopathy. 

Cochrane Database Syst. Rev. https ://doi.org/10.1002/14651 858.CD008 081.pub3 (2015).
 12. Sim, D. A. et al. Quantitative analysis of diabetic macular ischemia using optical coherence tomography. Invest. Ophthalmol. Vis. 

Sci. 55, 417–423. https ://doi.org/10.1167/iovs.13-12677  (2014).
 13. Otani, T., Yamaguchi, Y. & Kishi, S. Correlation between visual acuity and foveal microstructural changes in diabetic macular 

edema. Retina 30, 774–780. https ://doi.org/10.1097/IAE.0b013 e3181 c2e0d 6 (2010).
 14. Sakamoto, A. et al. Association between foveal photoreceptor status and visual acuity after resolution of diabetic macular edema 

by pars plana vitrectomy. Graefe’s Arch. Clin. Exp. Ophthalmol. 247, 1325–1330. https ://doi.org/10.1007/s0041 7-009-1107-5 (2009).

Figure 3.  Superficial capillary plexus (SCP) en face images of optical coherence tomography angiography 
(OCTA). The Early Treatment Diabetic Retinopathy Study (ETDRS) 9 grid in 6 × 6 mm scan. (A,D) Shows SCP 
retinal vessels in control and nonproliferative diabetic retinopathy eyes. (B,E) Vessel density of SCP in central 
subfield (green ring) is calculated automatically by the software. (C,F) Foveal avascular zone (FAZ) area and 
circularity (yellow area) are automatically calculated by the software. In this study, AngioPlex OCT angiography 
(software version 11.0.0.20046, https ://www.zeiss .com/medit ec/int/home.html) was used.

https://doi.org/10.1016/j.diabres.2017.03.024
https://doi.org/10.2337/diacare.26.2007.S99
https://doi.org/10.2337/dc11-1909
https://doi.org/10.2337/dc11-1909
https://doi.org/10.1016/S0161-6420(03)00475-5
https://doi.org/10.4093/dmj.2018.0182
https://doi.org/10.4093/dmj.2018.0182
https://doi.org/10.7759/CUREUS.3064
https://doi.org/10.7759/CUREUS.3064
https://doi.org/10.4239/wjd.v6.i3.489
https://doi.org/10.4239/wjd.v6.i3.489
https://doi.org/10.1167/iovs.09-3767
https://doi.org/10.3390/ijms19061816
https://doi.org/10.3390/ijms19061816
https://doi.org/10.1364/ol.12.000158
https://doi.org/10.1002/14651858.CD008081.pub3
https://doi.org/10.1167/iovs.13-12677
https://doi.org/10.1097/IAE.0b013e3181c2e0d6
https://doi.org/10.1007/s00417-009-1107-5
https://www.zeiss.com/meditec/int/home.html


9

Vol.:(0123456789)

Scientific Reports |         (2021) 11:3004  | https://doi.org/10.1038/s41598-021-82334-w

www.nature.com/scientificreports/

 15. Maheshwary, A. S. et al. The association between percent disruption of the photoreceptor inner segment-outer segment junction 
and visual acuity in diabetic macular edema. Am. J. Ophthalmol. 150, 63–67. https ://doi.org/10.1016/j.ajo.2010.01.039 (2010).

 16. Wang, R. K. et al. Depth-resolved imaging of capillary networks in retina and choroid using ultrahigh sensitive optical microan-
giography. Opt. Lett. 35, 1467. https ://doi.org/10.1364/ol.35.00146 7 (2010).

 17. Sambhav, K., Grover, S. & Chalam, K. V. The application of optical coherence tomography angiography in retinal diseases. Surv. 
Ophthalmol. 62, 838–866. https ://doi.org/10.1016/j.survo phtha l.2017.05.006 (2017).

 18. Gildea, D. The diagnostic value of optical coherence tomography angiography in diabetic retinopathy: a systematic review. Int. 
Ophthalmol. 39, 2413–2433. https ://doi.org/10.1007/s1079 2-018-1034-8 (2019).

 19. Anegondi, N. et al. Quantitative comparison of retinal vascular features in optical coherence tomography angiography images 
from three different devices. Ophthal. Surg. Lasers Imaging Retina 49, 488–496. https ://doi.org/10.3928/23258 160-20180 628-04 
(2018).

 20. Alam, M. et al. Quantitative optical coherence tomography angiography features for objective classification and staging of diabetic 
retinopathy. Retina (Philadelphia, Pa) 40, 322–332. https ://doi.org/10.1097/IAE.00000 00000 00237 3 (2020).

 21. Pedinielli, A. et al. Three different optical coherence tomography angiography measurement methods for assessing capillary density 
changes in diabetic retinopathy. Ophthal. Surg. Lasers Imaging Retina 48, 378–384. https ://doi.org/10.3928/23258 160-20170 428-03 
(2017).

 22. Lee, H. et al. Quantification of retinal vessel tortuosity in diabetic retinopathy using optical coherence tomography angiography. 
Retina 38, 976–985. https ://doi.org/10.1097/IAE.00000 00000 00161 8 (2017).

 23. Lu, Y. et al. Evaluation of automatically quantified foveal avascular zone metrics for diagnosis of diabetic retinopathy using optical 
coherence tomography angiography. Invest. Ophthalmol. Vis. Sci. 59, 2212–2221. https ://doi.org/10.1167/iovs.17-23498  (2018).

 24. Sun, J. K. et al. Disorganization of the retinal inner layers as a predictor of visual acuity in eyes with center-involved diabetic 
macular edema. JAMA Ophthalmol. 132, 1309–1316. https ://doi.org/10.1001/jamao phtha lmol.2014.2350 (2014).

 25. Sun, J. K. et al. Neural retinal disorganization as a robust marker of visual acuity in current and resolved diabetic macular edema. 
Diabetes 64, 2560–2570. https ://doi.org/10.2337/db14-0782 (2015).

 26. Cunha-Vaz, J., Bernardes, R. & Lobo, C. Blood-retinal barrier. Eur. J. Ophthalmol. 21, 3–9. https ://doi.org/10.5301/EJO.2010.6049 
(2011).

 27. Balaratnasingam, C. et al. Visual acuity is correlated with the area of the foveal avascular zone in diabetic retinopathy and retinal 
vein occlusion. Ophthalmology 123, 2352–2367. https ://doi.org/10.1016/j.ophth a.2016.07.008 (2016).

 28. Mori, Y. et al. Restoration of foveal photoreceptors after intravitreal ranibizumab injections for diabetic macular edema. Sci. Rep. 
6, 39161. https ://doi.org/10.1038/srep3 9161 (2016).

 29. Gardner, T. W. et al. Diabetic retinopathy: more than meets the eye. Surv. Ophthalmol. 47, S253–S262. https ://doi.org/10.1016/
S0039 -6257(02)00387 -9 (2002).

 30. Uji, A. et al. Association between hyperreflective foci in the outer retina, status of photoreceptor layer, and visual acuity in diabetic 
macular edema. Am. J. Ophthalmol. 153, 710–717. https ://doi.org/10.1016/j.ajo.2011.08.041 (2012).

 31. Murakami, T. et al. Optical coherence tomographic reflectivity of photoreceptors beneath cystoid spaces in diabetic macular edema. 
Invest. Ophthalmol. Vis. Sci. 53, 1506–1511. https ://doi.org/10.1167/iovs.11-9231 (2012).

 32. Jonas, J. B., Schneider, U. & Naumann, G. O. H. Count and density of human retinal photoreceptors. Graefe’s Arch. Clin. Exp. 
Ophthalmol. 230, 505–510. https ://doi.org/10.1007/BF001 81769  (1992).

 33. Domalpally, A. et al. Circularity index as a risk factor for progression of geographic atrophy. Ophthalmology 120, 2666–2671. https 
://doi.org/10.1016/j.ophth a.2013.07.047 (2013).

 34. Werner, J. U. et al. Comparison of foveal avascular zone between optical coherence tomography angiography and fluorescein 
angiography in patients with retinal vein occlusion. PLoS ONE 14, e0217849. https ://doi.org/10.1371/journ al.pone.02178 49 (2019).

 35. Krawitz, B. D. et al. Acircularity index and axis ratio of the foveal avascular zone in diabetic eyes and healthy controls measured 
by optical coherence tomography angiography. Vis. Res. 139, 177–186. https ://doi.org/10.1016/j.visre s.2016.09.019 (2017).

 36. Tang, F. Y. et al. Determinants of quantitative optical coherence tomography angiography metrics in patients with diabetes. Sci. 
Rep. https ://doi.org/10.1038/s4159 8-017-02767 -0 (2017).

 37. Alipour, S. H. M. et al. Analysis of foveal avascular zone for grading of diabetic retinopathy severity based on curvelet transform. 
Graefe’s Arch. Clin. Exp. Ophthalmol. 250, 1607–1614. https ://doi.org/10.1007/s0041 7-012-2093-6 (2012).

 38. Di, G. et al. A morphological study of the foveal avascular zone in patients with diabetes mellitus using optical coherence tomog-
raphy angiography. Graefe’s Arch. Clin. Exp. Ophthalmol. 254, 873–879. https ://doi.org/10.1007/s0041 7-015-3143-7 (2016).

 39. Flood, T. P. Foveal neovascularization in diabetic retinopathy. Arch. Ophthalmol. 105, 1672–1675. https ://doi.org/10.1001/archo 
pht.1987.01060 12007 0027 (1987).

 40. Santos, A. R. et al. Functional and structural findings of neurodegeneration in early stages of diabetic retinopathy: cross-sectional 
analyses of baseline data of the EUROCONDOR project. Diabetes 66, 2503–2510. https ://doi.org/10.2337/db16-1453 (2017).

 41. Rodrigues, E. B. et al. Diabetes induces changes in neuroretina before retinal vessels: a spectral-domain optical coherence tomog-
raphy study. Int. J. Retina Vitr. https ://doi.org/10.1186/s4094 2-015-0001-z (2015).

 42. Takis, A. et al. Follow-up of the retinal nerve fiber layer thickness of diabetic patients type 2, as a predisposing factor for glaucoma 
compared to normal subjects. Clin. Ophthalmol. 11, 1135–1141. https ://doi.org/10.2147/OPTH.S1299 35 (2017).

 43. Hammes, H. P. et al. Pericytes and the pathogenesis of diabetic retinopathy. Diabetes 51, 3107–3112. https ://doi.org/10.2337/diabe 
tes.51.10.3107 (2002).

 44. Birol, G. et al. Oxygen distribution and consumption in the macaque retina. Am. J. Physiol. Heart Circ. Physiol. 293, 1696–1704. 
https ://doi.org/10.1152/ajphe art.00221 .2007 (2007).

 45. Barber, A. J., Gardner, T. W. & Abcouwer, S. F. The significance of vascular and neural apoptosis to the pathology of diabetic 
retinopathy. Invest. Ophthalmol. Vis. Sci. 52, 1156–1163. https ://doi.org/10.1167/iovs.10-6293 (2011).

 46. Sorrentino, F. S. et al. The importance of glial cells in the homeostasis of the retinal microenvironment and their pivotal role in 
the course of diabetic retinopathy. Life Sci. 162, 54–59. https ://doi.org/10.1016/j.lfs.2016.08.001 (2016).

 47. Abcouwer, S. F. Müller cell-microglia cross talk drives neuroinflammation in diabetic retinopathy. Diabetes 66, 261–263. https ://
doi.org/10.2337/dbi16 -0047 (2017).

 48. Uğurlu, N. et al. Evaluation of the correlation between quantitative measurement of the foveal avascular zone and retinal vessel 
density and outer retinal disruptions in diabetic patients. Turk. J. Med. Sci. 49, 1041–1046. https ://doi.org/10.3906/sag-1901-22 
(2019).

 49. Barber, A. J. A new view of diabetic retinopathy: a neurodegenerative disease of the eye. Prog. Neuropsychopharmacol. Biol. Psy-
chiatry 27, 283–290. https ://doi.org/10.1016/S0278 -5846(03)00023 -X (2003).

 50. Spaide, R. F., Fujimoto, J. G. & Waheed, N. K. Image artifacts in Optical coherence tomography angiography. Retina 35, 2163–2180. 
https ://doi.org/10.1097/IAE.00000 00000 00076 5 (2015).

 51. Rosenfeld, P. J. et al. ZEISS  angioplexTM spectral domain optical coherence tomography angiography: technical aspects. Dev. 
Ophthalmol. 56, 18–29. https ://doi.org/10.1159/00044 2773 (2016).

 52. Kwon, J. et al. Alterations of the foveal avascular zone measured by optical coherence tomography angiography in glaucoma patients 
with central visual field defects. Invest. Ophthalmol. Vis. Sci. 58, 1637–1645. https ://doi.org/10.1167/iovs.16-21079  (2017).

https://doi.org/10.1016/j.ajo.2010.01.039
https://doi.org/10.1364/ol.35.001467
https://doi.org/10.1016/j.survophthal.2017.05.006
https://doi.org/10.1007/s10792-018-1034-8
https://doi.org/10.3928/23258160-20180628-04
https://doi.org/10.1097/IAE.0000000000002373
https://doi.org/10.3928/23258160-20170428-03
https://doi.org/10.1097/IAE.0000000000001618
https://doi.org/10.1167/iovs.17-23498
https://doi.org/10.1001/jamaophthalmol.2014.2350
https://doi.org/10.2337/db14-0782
https://doi.org/10.5301/EJO.2010.6049
https://doi.org/10.1016/j.ophtha.2016.07.008
https://doi.org/10.1038/srep39161
https://doi.org/10.1016/S0039-6257(02)00387-9
https://doi.org/10.1016/S0039-6257(02)00387-9
https://doi.org/10.1016/j.ajo.2011.08.041
https://doi.org/10.1167/iovs.11-9231
https://doi.org/10.1007/BF00181769
https://doi.org/10.1016/j.ophtha.2013.07.047
https://doi.org/10.1016/j.ophtha.2013.07.047
https://doi.org/10.1371/journal.pone.0217849
https://doi.org/10.1016/j.visres.2016.09.019
https://doi.org/10.1038/s41598-017-02767-0
https://doi.org/10.1007/s00417-012-2093-6
https://doi.org/10.1007/s00417-015-3143-7
https://doi.org/10.1001/archopht.1987.01060120070027
https://doi.org/10.1001/archopht.1987.01060120070027
https://doi.org/10.2337/db16-1453
https://doi.org/10.1186/s40942-015-0001-z
https://doi.org/10.2147/OPTH.S129935
https://doi.org/10.2337/diabetes.51.10.3107
https://doi.org/10.2337/diabetes.51.10.3107
https://doi.org/10.1152/ajpheart.00221.2007
https://doi.org/10.1167/iovs.10-6293
https://doi.org/10.1016/j.lfs.2016.08.001
https://doi.org/10.2337/dbi16-0047
https://doi.org/10.2337/dbi16-0047
https://doi.org/10.3906/sag-1901-22
https://doi.org/10.1016/S0278-5846(03)00023-X
https://doi.org/10.1097/IAE.0000000000000765
https://doi.org/10.1159/000442773
https://doi.org/10.1167/iovs.16-21079


10

Vol:.(1234567890)

Scientific Reports |         (2021) 11:3004  | https://doi.org/10.1038/s41598-021-82334-w

www.nature.com/scientificreports/

Acknowledgements
There are no funds received from any organization for this work.

Author contributions
S.K. and H.E. conceptualized and designed the study; H.E., and H.T. collected the data; H.E. and M.F. analyzed 
the images; H.E. and Y.S. analyzed the data; S.K., S.I. and M.K. interpreted the data; H.E. wrote the original 
manuscript; S.K., S.K., Y.S. and S.I. revised the manuscript; M.K. supervised the study; All authors approved the 
final version of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Factors based on optical coherence tomography correlated with vision impairment in diabetic patients
	Results
	Clinical characteristics of control and diabetic patients. 
	Comparison between research groups on OCT-based factors. 
	Correlation between OCT-based factors and visual acuity in diabetic eyes. 

	Discussion
	Significance of OCT-based factors affecting visual acuity. 
	DRIL. 
	EZ disruption. 
	FAZ circularity. 

	Changes in outer and inner retina. 
	DRIL and FAZ circularity. 
	DRIL and EZ disruption. 
	EZ disruption and FAZ circularity. 


	Limitations
	Conclusions
	Materials and methods
	Patients. 
	OCT and OCTA image acquisition. 
	OCT-based factors. 
	OCTA parameters. 
	Statistical analysis. 

	References
	Acknowledgements


